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Abstract
Mathematical models of ion channels, which constitute indispensable components of action po-
tential models, are commonly constructed by fitting to whole-cell patch-clamp data. In a previous
study we fitted cell-specific models to hERG1a (Kv11.1) recordings simultaneously measured using
an automated high-throughput system, and studied cell-cell variability by inspecting the resulting
model parameters. However, the origin of the observed variability was not identified. Here we study
the source of variability by constructing a model that describes not just ion current dynamics, but
the entire voltage-clamp experiment. The experimental artefact components of the model include:
series resistance, membrane and pipette capacitance, voltage offsets, imperfect compensations made
by the amplifier for these phenomena, and leak current. In this model, variability in the observations
can be explained by either cell properties, measurement artefacts, or both. Remarkably, assuming
variability arises exclusively from measurement artefacts, it is possible to explain a larger amount
of the observed variability than when assuming cell-specific ion current kinetics. This assumption
also leads to a smaller number of model parameters. This result suggests that most of the observed
variability in patch-clamp data measured under the same conditions is caused by experimental arte-
facts, and hence can be compensated for in post-processing by using our model for the patch-clamp
experiment. This study has implications for the question of the extent to which cell-cell variability
in ion channel kinetics exists, and opens up routes for better correction of artefacts in patch-clamp
data.
1 Introduction
Mathematical modelling and computational simulations have been remarkably successful in providing
mechanistic insight into many electrophysiological phenomena. Quantitative models of the action po-
tential have demonstrated their usefulness in both basic research and safety-critical applications Mirams
et al. (2012); Niederer et al. (2018); Li et al. (2019). Mathematical models of ion channels constitute
indispensable components of these action potential models. Even when models are fitted to the best
available data, uncertainty in their parameter values remains, which can be due to measurement uncer-
tainty and/or physiological variability Mirams et al. (2016). Thus, identifying and quantifying the source
of uncertainty is required prior to use of the models in safety-critical applications.
Whole cell patch-clamp voltage-clamp experiments are a common source of data for calibrating ion
channel models. To study the dynamics of ion channels, currents through the cell membrane are often
measured with a patch-clamp amplifier. In voltage-clamp mode, a patch-clamp amplifier is a sensitive
feedback amplifier that rapidly calculates, applies and reports the small currents necessary to maintain
a given voltage across a cell’s membrane (and vice versa for current-clamp mode) Sigworth (1995b).
Typically the current magnitudes are on the order of pA to µA, depending on the size of the cell, and
the voltage across the cell membrane is usually on the order of tens of millivolts.
In our previous study Lei et al. (2019b), we performed a thorough analysis of hERG current kinetics
simultaneously recorded in 124 cells using an automated high-throughput patch-clamp machine. The
experiments used Chinese hamster ovary (CHO) cells stably expressing hERG1a. Since the cells expressed
the same genes and were measured at the same time under highly similar conditions, one might expect
the resulting current kinetics to be very similar across different cells. However, we observed a high level
of variability, similar to that seen in previous studies using manual patch clamp experiments conducted
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one cell at a time over several days Beattie et al. (2018). This raises a question — what is the origin of
the observed variability?
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Figure 1: Schematics of the voltage-clamp experiment: (left) idealised and (right) more realistic.
Left: Only the current of interest (red) is modelled. The membrane voltage, Vm (red) is assumed to
be the same as the command voltage, Vcmd (green) set by the amplifier, and the observed current, Iout
(green) is assumed to be equal to the ion channel current, Iion (red). Right: Here, not only the current
of interest (red) is modelled, but the patch-clamp amplifier process (green) and all of the experimental
artefacts (purple) are included in the model. The differences between Vm (red) and Vcmd (green), and
between Iion (red) and Iout (green) are explicitly modelled in this framework.
Figure 1 (left) shows an idealised voltage-clamp experiment, where the cell is connected directly to
an ammeter which records the current of interest, Iion, while clamping the membrane to the command
voltage, Vcmd (its equivalent circuit is shown Supplementary Figure S1). In other words, in a perfect
patch clamp experiment
(membrane voltage) Vm = Vcmd (command voltage), (1)
(measured/observable current) Iout = Iion (current of interest). (2)
Although the limitations of this idealised model are well-known, many studies assume the experimenter
has compensated for any discrepancies (using specialised hardware, see below), so that the idealised
assumptions can be used when analysing the experiments.
In voltage-clamp experiments, as illustrated in Figure 1 (right), the cell membrane acts as a capacitor
in parallel to the ion currents. Between the electrode and the cell, there is a finite series resistance (MΩ),
the effect of which is illustrated in Figure 3 of Marty & Neher Marty and Neher (1995). Furthermore,
there is a voltage offset introduced at the electrode-cell junction Neher (1995), and the wall of the pipette
(or the well plate in an automatic system) behaves as a capacitor. Finally, a finite seal resistance can cause
a substantial leak current that contaminates the recording of the current of interest. All of these can be
partially compensated by the patch-clamp amplifier using real-time hardware adjustments, or addressed
in post-processing, and the remainder are what we term ‘voltage-clamp experimental artefacts’.
In this paper, we relax the typical, ideal voltage-clamp assumptions by introducing a mathematical
model for the voltage-clamp experiment, allowing and accounting for variability introduced by artefacts
and their imperfect compensations in the experiments. The experimental artefact components of the
model include the imperfect compensations made by the amplifier listed above, together with any residual
uncompensated leak current. After deriving the mathematical model for the voltage-clamp experiment,
we validate the mathematical model experimentally using electrical model cells, for which we designed a
new type of electrical model cell which exhibits simple dynamics. Using this new mathematical model,
variability in the observations can be explained by both cell properties as well as measurement artefacts.
After the model validation, we develop an algorithm to optimise the ion current maximal conductance,
the current kinetic parameters and the measurement artefact parameters at the same time. Finally, we
compare and assess the performance of the models calibrated with the ideal voltage-clamp assumption
and with the realistic voltage-clamp assumption. Whilst different cells certainly have varying maximal
conductance of currents, the study has implications for the significance or even existence of cell-cell
variability in ion channel kinetics, and opens up routes for better correction of artefacts in patch-clamp
data.
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Symbol Typical values Description
General
t — Time variable
Capacitance
Cf 0.3 pF Feedback shunt capacitance
Cm 5–20 pF Membrane capacitance (typical values for CHO cells only Lei et al. (2019b); can be up to
150 pF for cardiomyocytes O’Hara et al. (2011); or even 100 nF for Xenopus laevis oocytes
Schmitt and Koepsell (2002))
Cp 3–5 pF Parasitic capacitance at the electrode/pipette; also known as ‘pipette capacitance’ in manual
patch
Current
Iin — Voltage clamp current
Iinj — Injection current
Iion O(1) nA Whole-cell ion channel current (can be up to O(1) µA for Xenopus laevis oocytes Schmitt
and Koepsell (2002))
Ileak — Leakage current through imperfect seal
Im — Membrane current
Iout — Recorded current
Ip — Current drawn by parasitic capacitance of the electrode
Resistance
Rf 25 MΩ Feedback resistance
Rs 5–20 MΩ Series resistance of the electrode
Rseal 0.5–10 GΩ Seal resistance of the pipette tip
Time constant
τa 50–2000 µs Membrane access time constant, τa = RsCm
τsum 5–70 µs Response time of the summing amplifier
τclamp 0.8 µs Voltage clamp time constant
τz 7.5 µs Transconductor time constant, τz = RfCf
Voltage
Vcmd O(100) mV Command voltage; follows the voltage clamp protocols
Vclamp O(100) mV Clamp voltage
Vm O(100) mV Membrane potential
Voff O(10) mV Offset voltage, such as amplifier offsets, electrode offsets, junction potentials, etc.
Vout O(100) mV Recorded voltage, Vout = IoutRf
Vp O(100) mV Pipette potential
Table 1: Glossary of symbols and parameters. We also denote the machine estimate of a parameter X
as X∗, and the error in the estimate of the same parameter as X†. The range of typical values are taken
from Weerakoon et al. (2009); Neher (1995), unless otherwise specified.
2 A detailed mathematical model of a voltage-clamp experi-
ment
We present a more realistic equivalent circuit for a voltage-clamp set-up in Figure 2. Our goal is to
observe the ion current across the cell membrane, Iion. This current is present in the ‘Cell Model’ in
Figure 2 (shown with black, dashed box). Between the Cell Model and the Headstage (green, dashed box)
is where the pipette (or the well plate in an automatic system) sits, separating the cell membrane and the
electrode, which includes many of the undesired artefact components shown in Figure 1 (right). There are
five main undesired effects in this voltage-clamp set-up: 1. parasitic/pipette capacitance, 2. membrane
capacitance, 3. series resistance, 4. voltage offset, 5. leak current. In Supplementary Section S2, we
analyse each of these undesired effects and how they are typically compensated, to construct the voltage-
clamp experiment model Moore et al. (1984); Neher (1992, 1995); Sigworth (1995a); Sigworth et al.
(1995); Strickholm (1995); Sherman et al. (1999); Weerakoon et al. (2009, 2010). Table 1 contains a
glossary of symbols and parameters used in this paper.
To model the dynamics of the current of interest, Iion, we model the entire voltage-clamp experiment
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Figure 2: A more realistic voltage-clamp experiment equivalent circuit. This includes undesired factors
such as voltage offset, series resistance between the electrode and the cell, cell capacitance, pipette
capacitance, and leakage current, which can introduce artefacts to the recordings. The circuit also
includes the components within a typical amplifier that are designed to compensate the artefacts. The
blue (A) and orange (B) components are two idealised multiplying digital-to-analogue converters that
control the amount of compensation. We assume that these, and the transimpedance amplifier and
differential amplifier (green), to be ideal electrical components.
with the following set of equations:
Iion = f(t, Vm), Ion channel model (3)
Ileak = gleak (Vm − Eleak) , Leak current (4)
dVm
dt
=
1
RsCm
(
Vp + V
†
off − Vm
)
Voff compensation
− 1
Cm
(Iion + Ileak) , (5)
dVp
dt
=
1
τclamp
(
Vclamp − Vp
)
, Amplifier delay (6)
dVclamp
dt
=
1
τsum
(
(Vcmd + αR
∗
s Iout)− Vclamp
)
, Rs compensation (7)
Iin = Iion + Ileak
+ Cp
dVp
dt
− C∗p
dVclamp
dt
Cp compensation
+ Cm
dVm
dt
− C∗m
dVclamp
dt
, Cm compensation (8)
dIout
dt
=
1
τz
(Iin − Iout) . Observed current (9)
In these equations, α is the requested proportion of series resistance compensation (typically 70–80 %, a
machine setting), and gleak and Eleak are the conductance and the reversal potential of the leak current.
Finally, Iout is then post-processed by subtracting I
∗
leak = g
∗
leak(Vcmd − E∗leak). The meaning of the
remaining symbols is given in Table 1. We also performed a local sensitivity analysis of the voltage-
clamp experiment model to study the behaviour of the model, shown in Supplementary Section S3.
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3 Validating the mathematical model
with electrical model cell experiments
Before we apply the voltage-clamp experiment model to currents from a real biological cell, we test the
performance of our mathematical model with electrical model cells — circuits made of electrical hardware
components that mimic real cells. Some of these model cells are commercially available, and are used to
test and calibrate patch-clamp amplifiers.
We are interested in both the current readout of a voltage-clamp and the clamped membrane voltage
that the cell experiences. Therefore we designed a circuit that connects the model cell to two amplifiers,
one in voltage-clamp mode and one in current-clamp mode, as shown in Figure 3. This set-up can
simultaneously perform the conventional voltage-clamp procedure on the model cell with one amplifier;
whilst using the other in current-clamp mode (clamped to zero) to measure the clamped voltage at the
terminal corresponding to the membrane via the current-clamp. Effectively, this set-up allows us to
record the membrane voltage Vm of the model cell whilst performing the conventional voltage-clamp
measurements.
3.1 Electrical model cell design
Figure 3 (middle) shows the equivalent circuit of the standard commercially-available model cells, when
under ‘whole cell’ mode. In this study, we call this a Type I Model Cell. It consists of a capacitor and a
resistor in parallel to mimic the membrane capacitance, Cm, and membrane resistance, Rm. Unlike real
ion channels, this simple electrical model cell lacks any current dynamics in the Rm resistor representing
ion currents. We therefore developed a new type of model cell, termed a Type II Model Cell, which
exhibits simple current dynamics when stepping to different voltages.
Figure 3 (right) shows the equivalent circuit of our Type II Model Cell. In addition to the usual Cm
and Rm connected in parallel, this model cell has an extra component (Rk in series with Ck) connected
in parallel, to mimic the addition of another ion current with some kinetic properties. The time constant
(τk = RkCk) for this extra component was chosen to be O(100) ms, which is of the same order of
magnitude as IKr dynamics. The dynamics of the Type II Model Cell allow us to fully test and understand
the effects of series resistance, etc. and their compensations, and enable us to verify our mathematical
voltage-clamp experiment model experimentally.
Model cell
RsRs
Cp Cp
Voltage Clamp Current Clamp
Vm
Cm Rm
Type I
Model cell
Vm
Cm
Rm
Rk
Ck
Type II
Model cell
Figure 3: Circuit diagrams for model cell experiments. (Left) A circuit set-up where a model cell is
connected to both a voltage-clamp amplifier and a current-clamp amplifier. The voltage-clamp imposes
a command voltage, Vcmd, on the model cell and measures the current, Iout; while the current-clamp
simultaneously measures its ‘membrane voltage’, Vm. (Middle) An equivalent circuit of the Type I
Model Cell, which is identical to the commercial ‘black box’ model cells under the ‘whole cell’ mode.
(Right) An equivalent circuit for the Type II Model Cell. This model cell is designed to exhibit dynamics
when stepping to different voltages, with a time constant similar to ionic currents.
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3.2 Validation of the mathematical model
The experimental recordings using the simultaneous voltage clamp-current clamp set-up (Figure 3) are
shown in Figure 4 (solid lines), with Type I (A, C) and Type II (B, D) Model Cells. The measurements
were performed with a holding potential at 0 mV.
We performed two sets of experiments, firstly with no amplifier compensation, and secondly with
automatic amplifier compensation using a computer controlled amplifier (HEKA EPC 10 Double Plus)
where amplifier settings could be set with high precision. Here, automatic adjustment of the compen-
sation settings, including Voff, Cp, Cm, and Rs, was performed using the HEKA Patchmaster software.
This compensation is also commonly performed by hand on many manual patch-clamp amplifiers.
For the simulations, parameters were set in Eqs. (3–9) to correspond to each set of experiments: for
no amplifier compensation, we set {V †off, C∗p , C∗m, R∗s , gleak} to zeros; while for the automatic amplifier
compensation, those parameters were set to the amplifier’s estimates. The results are shown in Figure 4
and Supplementary Figure S4.
Our model (dashed lines) is able to capture both the current and the membrane voltage very well, for
all these experiments. Note the differences between the membrane voltage Vm (blue) and the command
voltage Vcmd (orange/red), and how well our model is able to capture the details. For example, in the
uncompensated case, due to the voltage drop across Rs, Vm exhibits nonlinear dynamics while Vcmd
does not for Type II Model Cell; for Type I Model Cell, Vm shows a simple offset. Also, when the
amplifier is actively compensating, the differences between Vm and Vcmd were successfully reduced. All
of these details are captured excellently by our model. Therefore, we are confident that our voltage-clamp
experiment model is a good representation of the voltage-clamp experiments and their artefacts.
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Figure 4: Model simulations (dashed lines) using the amplifier settings compared against the simultane-
ous voltage clamp-current clamp measurements of the model cells (solid lines). Measurements are shown
without compensation using (A) Type I Model Cell and (B) Type II Model Cell; and measurements
with automatic amplifier compensation for Voff, Cp, Cm, and Rs with α = 80% using (C) Type I Model
Cell and (D) Type II Model Cell. All command voltages were set to be the staircase voltage protocol Lei
et al. (2019b) (top panel); here only the last 3 s of the measurement is shown, the whole trace is shown
in Supplementary Figure S4. In the top panel of each subfigure, the blue lines represent the command
voltage Vcmd, and the orange/red lines represent the membrane voltage Vm; the bottom panel shows the
current readout via the voltage-clamp, Iout.
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3.3 Parameter inference without compensations
Next, we attempt to use only the uncompensated, raw voltage-clamp measurements (i.e. only Iout in
Figure 5A, and Vcmd) to infer the underlying membrane voltage, Vm, and the parameters of the model
cells. We then compare the model Vm predictions with the current-clamp measurements. Here, we focus
on the Type II Model Cell, since this should be the more challenging of the two and more similar to a
real ionic current (similar results are shown for the Type I Model Cell in Supplementary Section S5).
To optimise the model parameters we defined a root-mean-squared error (RMSE) between the simulated
and recorded Iout, and then minimised it using a global optimisation algorithm Hansen (2006). All
optimisation was done with an open source Python package, PINTS Clerx et al. (2019b), and simulations
were performed in Myokit Clerx et al. (2016). All codes and data are freely available at https://github.
com/CardiacModelling/VoltageClampModel.
Figure 5A shows the fitted model Iout (bottom, orange dashed line) and its corresponding prediction
of the membrane voltage, Vm (top, red dashed line), compared against the experimental recordings
(solid lines). Figure 5B further shows that the fitted model is able to predict measurements under an
independent, unseen voltage-clamp protocol — a series of action potential waveforms (blue lines in the
first panel) — very well. Note the excellent predictions for Vm in both cases.
Table 2 also shows a comparison of the values of the component labels (typical tolerances for these
are ±1 to 2%) used in the electrical circuit hardware in Figure 3, the amplifier’s estimation, and the
fitted values using the mathematical model. Our model-inferred values are much closer to the component
labels than the amplifier estimates. This is because our model cell, Type-II Model Cell, (or any realistic
cell) exhibits nonlinear dynamics, whereas the amplifier uses a simple square-wave test pulse and assumes
a simple resistor-capacitor model cell (Type-I Model Cell) to estimate the parameters. That is, there
is a difference between the electrical model cell we attached and the circuit the amplifier is designed
to compensate, thus leading to inaccurate estimation. For example, even though we did not apply
any voltage offset, Voff, in the experiment, the amplifier incorrectly estimated an offset of −1.2 mV.
Proceeding with this amplifier-estimated value would lead to a voltage offset artefact of V †off = −1.2 mV
in all recordings.
Rk Ck Rm Cp Cm Rs Voff
(MΩ) (pF) (MΩ) (pF) (pF) (MΩ) (mV)
Component label 100 1000 500 4.7 22 30 0
Patchmaster estimate — — 91.30 8.80 41.19 33.60 -1.20
Fitted parameters 94.20 1062.69 520.70 4.85 36.38 34.87 0.20
Table 2: Type II Model Cell parameters (for the components shown in Figure 3), comparing the values
on hardware component labels in the circuit (zero for Voff as there is no battery component), the values
estimated by the Patchmaster amplifier software using a simple test pulse, and our inferred values from
the mathematical model. The mathematical model can capture the fact that there are kinetics in the
Type II cell and improve on the amplifier’s estimates of the components.
Thus far, we considered a realistic voltage-clamp experiment and developed a detailed mathemati-
cal model for such a setting, where imperfect compensations made by the amplifier and imperfect leak
current subtraction are included. We then validated this mathematical model via electrical model cell
experiments, demonstrating that our model captures the effects of the voltage-clamp artefacts and am-
plifier compensations excellently. In the next part of the study, we apply our mathematical model to
experimental CHO-hERG1a data recorded previously.
4 Application to CHO-hERG1a patch-clamp data
After experimentally validating our mathematical model of the full voltage-clamp experiment with two
electrical model cells, we now apply it to experimental data from real cells. Here, we use a high-
throughput dataset from our previous publication Lei et al. (2019b). The dataset contains 124 voltage-
clamp recordings of the potassium current that flows through hERG (Kv11.1) channels (IKr) measured
with a staircase protocol and eight other independent protocols. The measurements were performed on
CHO cells stably transfected with hERG1a at 25 ◦C, using the Nanion SyncroPatch 384PE, a 384-well
automated patch-clamp platform. For details of the experimental methods used, please see Lei et al. Lei
et al. (2019b).
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Figure 5: Inferred model simulations and predictions (dashed lines) compared to experimental data
(solid lines) from a Type II Model Cell. (A) Model calibration with a staircase protocol (blue lines in
the top panel), where the model was fitted to only the current recording (blue, solid line in the lower
panel). The fitted model was able to predict the membrane voltage, Vm (orange, solid line) measured
using current-clamp. (B) Further model validation using an independent voltage-clamp protocol, a series
of action potentials (blue lines in the top panel). Again, predictions from the model fitted to the staircase
protocol above (dashed lines) are excellent for both the current and the membrane voltage.
In the previous study Lei et al. (2019b), all of the observed variability was assumed to be due to
biological variability in IKr, and so 124 cell-specific variants/parameterisations of the IKr model were
created. Using this approach, we were able to show that fitting kinetic parameters to cell-specific data
using the staircase protocol enabled very good predictions for the other eight independent validation
protocols. However, covariance in the inferred parameters across cells led us to speculate about a voltage
offset being responsible for much of the variability we saw Lei et al. (2019b). So an alternative hypothesis
is that all cells have the same IKr kinetics, and that the observed variability is due to differences in the
patch clamp artefacts and compensations for each cell. Figure 6 shows a schematic overview of the two
hypotheses. We can now explore these hypotheses by fitting the same ion current kinetics parameters to
every cell, but allowing the voltage-clamp model parameters to vary cell-to-cell.
4.1 A mathematical model of IKr
We represented IKr using the same model as previously Beattie et al. (2018); Lei et al. (2019b,a);
Clerx et al. (2019a). The current is described with two Hodgkin & Huxley-style gating variables (a for
‘activation’ and r for ‘recovery’ from inactivation) and a standard Ohmic expression,
Iion = IKr = f(t, Vm; gKr,θ) = gKr · a · r · (Vm − EK), (10)
where gKr is the maximal conductance, and EK is the reversal potential (or Nernst potential) for potas-
sium ions which can be calculated directly from concentrations either side of the membrane using the
Nernst equation (Eq. 2 in Lei et al. Lei et al. (2019b)). The gates a and r are governed by the ordinary
differential equations
da
dt
=
a∞ − a
τa
,
dr
dt
=
r∞ − r
τr
, (11)
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Figure 6: A schematic overview of the two hypotheses we explore. Hypothesis 1 (left) assumes a
perfect, idealised voltage-clamp experiment where experimental artefacts are absent, and all the observed
variability is rooted in biological variability (varying conductance and model kinetics in every cell), we
term these ‘independent kinetics models’. Hypothesis 2 (right) assumes that the observed variability is
due to differences in the voltage-clamp experimental artefacts, and that all of the cells share identical
ion channel kinetics (although the maximum conductance is allowed to vary across cells), we term these
‘identical kinetics models’.
with
a∞ =
k1
k1 + k2
, r∞ =
k4
k3 + k4
, (12)
τa =
1
k1 + k2
, τr =
1
k3 + k4
, (13)
and
k1 = p1 exp(p2Vm), k3 = p5 exp(p6Vm), (14)
k2 = p3 exp(−p4Vm), k4 = p7 exp(−p8Vm). (15)
The model has 9 positive parameters, gKr and θ = {p1, p2, · · · , p8}, where the units of the parameters
are {pS, s−1, V−1, s−1, · · · }. All 9 parameter values are optimised to fit the experimental data.
4.2 Combining the models of voltage-clamp artefacts and IKr
Before moving on to test the two hypotheses shown in Figure 6, we show how our voltage-clamp experi-
ment model performs when combined with the IKr model of Eq. (10). We first tested the entire model
with synthetic data studies shown in Supplementary Section S6, in which we were able to identify all
of the parameters (model parameters gKr and θ together with artefact parameters Cm, Cp, Rs, V
†
off and
gleak). We then tested the model with the experimental data from our previous study Lei et al. (2019b).
However, unlike in the synthetic data studies, values of the series resistance, Rs, were consistently es-
timated at the lower bound we had imposed. We believe this is due to the imperfect representation of
real IKr by the model, as we sucessfully tested both the parameter inference scheme with synthetic data,
and the voltage-clamp experiment model with electrical model cell experiments. We therefore propose a
simplification of the voltage-clamp experiment model while capturing the principal causes of variability.
4.3 A simplified voltage-clamp experiment model
Modelling the whole voltage clamp machine can be difficult, because the timescales of the components
in the system span multiple orders of magnitude; ranging from fractions of a µs (e.g. τclamp) to tens of
ms (e.g. ‘C-slow’) or even tens of seconds for ion channels (e.g. activation of IKr). For our investigations
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here, IKr measurements (and their variability), we approximate the two fastest processes, τclamp and τz,
as instantaneous responses. That is, we assume Eqs. (6) & (9) can be approximated as Vp ≈ Vclamp and
Iout ≈ Iin, respectively.
After analysing the local sensitivity of the voltage-clamp experiment model (Supplementary Sec-
tion S3), we found that the effects of V †off and imperfect Rs compensation are most apparent in the ob-
served current (on timescales relevant to IKr). As a result, we further assume that 1. τsum, part of the fast
amplifier processes, is instantaneous; 2. the effects of Cp and Cm are negligible; and 3. C
∗
m, R
∗
s ≈ Cm, Rs.
Finally, the data were leak subtracted, where the leak current parameters (g∗leak and E
∗
leak) were estimated
by fitting Eq. (4) to current around the −120 to −80 mV leak-ramp at the beginning of the measure-
ments, yielding zero current at holding potential Lei et al. (2019b). We allow for this leak subtraction
being imperfect by retaining a small residual leak current with parameters g†leak and E
†
leak.
With these assumptions, Eqs. (3)–(9) become
Iion = f(t, Vm; gKr,θ) = IKr, Ion channel model
Ileak = g
†
leak
(
Vm − E†leak
)
, Residual leak current
dVm
dt
=
1
R∗sC∗m
(
Vp + V
†
off − Vm
)
− 1
C∗m
Iion, Voff compensation
Vp = Vcmd + αR
∗
s Iout, Rs compensation
Iout = Iion + Ileak. Observed current
(16)
(17)
(18)
(19)
(20)
For all symbols refer to Table 1. Here, we have only two voltage-clamp model parameters (V †off and g
†
leak)
to infer along with the ion current parameters (gKr and θ). Note that the other parameters (α, C
∗
m,
and R∗s ) can be obtained from the amplifier settings without performing inference. The effective reversal
potential of the residual leak current, E†leak, is chosen to be the holding potential (−80 mV) because the
primary leak-subtraction (fit of g∗leak and E
∗
leak) ensured approximately zero current at holding potential.
This simplified voltage-clamp experiment model is applied to the model cell experiments, and the
results are shown in Supplementary Section S7. We show that the simplified voltage-clamp experiment
model is able to correct the imperfect compensations made by the amplifier.
4.4 Optimisation of model parameters
We now present the parameter optimisation schemes used to test each hypothesis.
4.4.1 Hypothesis 1: Cell-specific kinetics with no artefacts
Hypothesis 1 (Figure 6, left) assumes a perfect, idealised voltage-clamp experiment, as shown in Fig-
ure 1 (left). In this hypothesis, there are no experimental artefacts, so models fitted to the recorded
current should show variability in the obtained kinetic parameters, which reflects underlying variability
in the biology. To test this hypothesis, we employ the parameter inference scheme detailed in Lei et
al. Lei et al. (2019b). In summary, we used a Bayesian inference scheme which resulted in very narrow
distributions. This scheme used some parameter transforms so that the optimisation algorithm Hansen
(2006) searches in log-transformed space for certain parameters Clerx et al. (2019a). Here we look for
the most likely parameter set under that scheme, which is identical to that given by a least square-error
fit. So the likelihood Li of a given parameter set for cell i is proportional to
Li = −
∑(
Imodeli − Idatai
)2
. (21)
Under this hypothesis, Imodeli is a function of just conductance gi and kinetic parameters θi, and is given
by Eq. (10) while assuming Vm = Vcmd. So we performed an optimisation to maximise Li by finding gi
and θi for each cell i independently. We termed the resulting mathematical models under this hypothesis
the ‘independent kinetics models’.
4.4.2 Hypothesis 2: Identical kinetics for all cells, with cell-specific artefacts
Hypothesis 2 (Figure 6, right) assumes that the observed variability is due to the imperfect voltage-clamp
experiments. Under this assumption, models fitted to the data should have the same kinetic parameters,
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θ∗, across all cells, that is, θi = θ∗ for any cell i, . But there will be a cell-specific IKr conductance,
gi, and different patch-clamp experiment parameters for each cell too, φi = {V †off,i, g†leak,i}. We termed
these models the ‘identical kinetics models’.
To impose the assumption that all N cells have the same kinetics, and that the observed variability
arises only from the experimental artefacts, the likelihood becomes
L (θ, {g1, . . . , gN ,φ1, . . . ,φN}) =
N∏
i=1
Li (θ, gi,φi) , (22)
where Li, defined by Eq. (21), is the likelihood for the i
th cell. Under this hypothesis, Imodeli is the
observed current Iout in Eq. (20) and hence Li is a function of the artefact parameters φi too.
Optimising L is a high-dimensional optimisation problem, which is computationally expensive. We re-
duce this burden with a Gibbs-sampling style scheme; we break the optimisation problem into two: i) opti-
mising the common kinetics parameters, θ; and ii) optimising the cell-specific parameters, {gi,φi}i=1,...,N .
To evaluate the maximum likelihood of θ, we nest optimisation schemes. That is, for any single estimate
of θ, we optimise {gi,φi} for each cell i independently to compute an approximate likelihood for θ. The
estimate of θ is then updated by running a single iteration of the outer optimisation loop, followed again
by optimisation to convergence for {gi,φi} in each cell. When this overall scheme converges we obtain
the full set of optimal parameters: θ∗, {g∗i ,φ∗i }i=1,...,N . The algorithm is detailed in Supplementary
Material S8.
4.5 Variability in ion channel kinetics or variability in patch-clamp artefacts?
We next compare the performance of the models arising from the two hypotheses. For Hypothesis 1, the
independent kinetics models, we directly use the results from Lei et al. Lei et al. (2019b), as it assumes
there were no artefacts and all the variability was the result of kinetic variability. For Hypothesis 2, the
identical kinetics models, we use the results from optimising L(θ) in Eq. (22). The optimised parameters,
steady state-voltage relations, and time constants-voltage relations for the new identical kinetics models
are shown in Supplementary Section S9.
As previously Lei et al. (2019b), we quantified the fits and predictions using relative root mean
square error (RRMSE), defined as the root mean square error between the model simulation and the
experimental data, divided by the root mean square distance of the data to a zero current trace:
RRMSE =
√∑
(Imodel − Idata)2
/∑
(Idata)
2
. (23)
Using this RRMSE quantification, the difference in the absolute size of the current across cells due to
varying conductance is eliminated such that the scores are comparable between cells.
Figure 7 shows the RRMSE histograms for all 124 cells, for six different protocols, and for the two
sets of models. Markers indicate the best (∗), median (‡) and 90th percentile (#) RRMSE values for
the independent kinetics models (red), and the corresponding raw traces are shown in the three panels
above. The model predictions for the same 3 cells with the identical kinetics model are shown in green.
For the calibration, shown in Figure 7A, it is clear that the RRMSE histogram of the independent
kinetics models (red) is better than the identical kinetics models (green). This is not unexpected, as the
independent kinetics model has 9 parameters to fit each experiment while the identical kinetics model has
only 3 parameters. In other words, the independent kinetics models have more degrees of freedom to fit
to the data, hence they are more likely to get a better fit. However, this could also lead to overfitting, as
discussed below. For the validations/predictions (Figure 7B–F), it is surprising to see that the identical
kinetics assumption performs slightly better than independent kinetics.
In the identical kinetics models, all the variability is explained by the voltage clamp artefact param-
eters, φi, in Eq. (22). Figure 8 shows the histograms and the pairwise scatter plots of the obtained
{g∗Kr,i,φ∗i }i=1,...,124. The artefact parameter values are within reasonable ranges: ∼ ±5 mV for V †off and
g†leak  gKr. The fact that the identical kinetics hypothesis predicts the validation protocol results
slightly better than the independent kinetics whilst using far fewer parameters (124× 3 + 8 = 380 com-
pared to 124× 9 = 1116) may be a sign of overfitting, and strongly suggests that identical kinetics is the
leading hypothesis for these data.
Note that Hypothesis 2 results in a slightly different set of ‘consensus’ kinetic parameters to the mean
of the independently-fitted parameter sets from Hypothesis 1 — as a nonlinear effect is introduced by
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the artefacts that are present (under Hypothesis 2) in the data. In Supplementary Section S9 we list
these parameter sets and compare model properties for the two approaches.
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Figure 7: The relative root mean square error (RRMSE) histograms for 6 protocols, comparing the
independent kinetics models from Lei et al. Lei et al. (2019b) and the identical kinetics models with
voltage-clamp artefact. Each histogram represents the same 124 cells with a different protocol and
RRMSE each time. Red markers indicate the best (∗), median (‡) and 90th percentile (#) RRMSE values
for the independent kinetics model; green markers are the same cell prediction from the identical kinetics
models. For each protocol, the raw traces for the identical kinetics model (green), the independent
kinetics model (red), and data (blue) are shown, with the voltage-clamp above. Note that the currents
are shown on different scales, to reveal the details of the traces. The same analysis applied to the
remaining 3 protocols is shown in Supporting Material. Quantitatively, the two models show a similar
RRMSE distribution for each protocol, with a slightly larger error on average in the fit for the identical
kinetics (A), but a slightly lower error in predictions. In particular, note how the errors seen in the
cell-specific predictions (shown by red traces) in panel B are almost perfectly explained by the identical
kinetics model (green).
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Figure 8: The inferred voltage-clamp artefact parameters across experimental wells. Each of the
parameters exhibits a Gaussian-like distribution under a proper choice of transformation. The artefact
parameter values are within reasonable ranges: V †off ∼ ±5 mV and g†leak  gKr.
5 Discussion
In this paper we have introduced a new mathematical model for voltage-clamp experiments that al-
lows and accounts for experimental artefacts and imperfect compensations of these artefacts, as well as
imperfections in leak current subtraction. We validated the mathematical model through experiments
using two types of electrical model cells, where we showed that our mathematical model is able to rec-
tify imperfect amplifier estimations. This is, to our knowledge, the first time a detailed voltage-clamp
experiment model has been used for parameter optimisation in ion channel modelling.
Patch-clamp data show a high-level of variability Zhou et al. (1998); Vandenberg et al. (2006); Beattie
et al. (2018); Lei et al. (2019b,a), with differences in observed current kinetics between experiments. The
current that we observe is the whole-cell ‘macroscopic’ current, which one might expect to vary with
stochastic ion channel activity. But we have observed it to be reproducible within a given cell Lei et al.
(2019b,a) — that is, the variability upon repeats in the same cell at different moments in time is much
smaller than the cell-to-cell variability. We do expect the maximum conductance of the current to differ
between cells, due to varying cell sizes and gene expression levels. But since each cell expresses the
same channel gene, there is no immediately obvious reason for the current kinetics to vary cell-to-cell,
especially if the cells are from the same culture and recorded simultaneously under very similar conditions
as they were in our high-throughput data.
Each voltage-clamp experiment has a different cell membrane capacitance, pipette (or well plate in
automated clamp) capacitance, voltage offset, series resistance, and leak current. This has led us to
propose two competing hypotheses in Figure 6: Hypothesis 1, cell-specific kinetics with no artefacts;
and Hypothesis 2, identical kinetics for all cells with cell-specific artefacts. A parameter optimisation
technique was developed for Hypothesis 2, so that we were able to optimise all the model parameters
at once (cell-specific conductances and measurement artefact parameters, with a single set of kinetic
parameters shared by all the cells).
After analysing the two hypotheses, it is more plausible that the observed variability arises from patch-
clamp experimental artefacts: imperfect amplifier compensations and imperfect leak current subtraction.
This is because the mathematical model with fewer parameters, i.e. the simpler model, made better
predictions, on average, over all the cells we analysed. Considering Occam’s razor, this makes the
‘identical kinetics’ hypothesis, in which fewer assumptions are made, the favourable explanation. The
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findings support a hypothesis that the kinetics of currents may be identical across cells, as one might
expect since the ion channel proteins that conduct the currents are the same, especially in our over-
expression cell line. We should mention that these results and this interpretation are specific to our
preparation though. In native myocytes, differing subunit expression and other signalling-related changes
in proteins’ states in the membrane could also confer some variability in kinetics from cell-cell. But this
study suggests a major, if not the only, factor causing apparent variability in kinetics will be artefacts
introduced by the patch-clamp experimental procedure, and offers an approach to address it.
Determining the origin of variability is particularly important for forward propagation of uncertainty
in cardiac modelling. Unified ion channel kinetics provide a sensible way of constructing cardiac action
potential models. If each ion current biologically exhibited a high-degree of variability in the observed
patch-clamp data, then samples of this variability for all currents would be necessary. However, if the
majority of the variability is due to experimental artefacts, the standard approach to building action
potential models with a single set of kinetic parameters for each current is sensible Ten Tusscher et al.
(2004); O’Hara et al. (2011); Groenendaal et al. (2015); Lei et al. (2017), and we do not need to propagate
the observed cell-cell variability in kinetics data forward (as some authors have Pathmanathan et al.
(2015)). Nevertheless, we may still need an approach like the one demonstrated here to determine
unbiased ion channel kinetics (rather than taking the mean of biased recordings which would accidentally
include experimental artefacts within the models, see Supplementary Section S9) to build the most
physiologically-relevant action potential models.
Identifying ion current kinetics and separating out experimental artefacts is crucial for many cardiac
electrophysiology studies. For example, ion channel mutation studies often conclude with a statement like
“there is a 5–10 mV shift in the half-activation potential” Clerx et al. (2018); Ng et al. (2019). However,
given the variability that we observe in patch-clamp data, often the variability in half-activation potential
can be in the range of 10–15 mV. Therefore, it is important to separate out experimental artefacts from
real biological effects. The same principle applies to other cardiac electrophysiology studies, such as drug
studies and the basic ion channel characterisation.
The findings raise the question of whether a mathematical model of the voltage clamp experiment
could remove the need for amplifier compensations altogether: this works well when we have an almost
perfect model of the current, as in the electrical model cell case (see Figure 5). But care should be taken
in situations where we are dealing with an imperfect model for the ionic current, where it is possible
for the artefact model to (erroneously) fit some parts of the ionic current, as we may have seen in
Section 44.2. Still, our simplified voltage-clamp model appears to account well for small artefacts in the
applied voltage clamp even with an imperfect model of IKr kinetics.
In this study we have demonstrated that a voltage-clamp experiment model can unify the kinetics of
IKr measured across many cells. Our voltage-clamp experiment model is general and can be applied to
study variability in any whole-cell ion current patch-clamp data Bekkers et al. (1990); Finkel et al. (2006);
Feigenspan et al. (2010); Golowasch (2014); Santillo et al. (2014); Altomare et al. (2015); Annecchino and
Schultz (2018). Our full model of the voltage-clamp experiment could be particularly useful for currents
like the fast sodium current (INa) where the time constants are similar to those in the capacitance
artefacts. Although currently the full voltage-clamp experiment model with the IKr model suffers from
discrepancy (a difference between the model and reality) when applying it to the dataset from Lei et al.
(2019b), we envision that an improved IKr model or techniques for accounting for discrepancy Lei et al.
(2020) will allow us to infer parameters for all experimental artefacts. Finally, it should be possible to
generalise our method to current-clamp experiments.
6 Conclusions
In this study, we have derived a mathematical model that describes the entire voltage-clamp experiment
including artefacts, imperfect amplifier compensations, and imperfect leak current subtraction. Using this
model, variability in experimental observations could be explained either by varying current properties or
varying measurement artefacts. After comparing the performance of the models calibrated with a varying
kinetics assumption with an identical kinetics assumption, the results suggest that most of the observed
variability in our patch-clamp data measured under the same conditions is caused by experimental
artefacts. These varying experimental artefacts can be compensated for in post-processing by fitting our
mathematical model for the patch-clamp experiment at the same time as fitting ion channel kinetics.
This study raises questions for the biological significance of any cell-cell variability in macroscopic ion
channel kinetics, and provides for better correction of artefacts in patch-clamp data.
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Data access
All codes and data are freely available at
https://github.com/CardiacModelling/VoltageClampModel.
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